The circumsolar disc was the birthplace of both planetesimals and giant planets, yet the details of their formation histories are as elusive as they are important to understand the origins of the Solar System. For decades the limited thickness of Vesta's basaltic crust, revealed by the link between the asteroid and the howardite-eucrite-diogenite family of meteorites, and its survival to collisional erosion offered an important constraint for the study of these processes. Some results of the Dawn mission, however, cast doubts on our understanding of Vesta's interior composition and of the characteristics of its basaltic crust, weakening this classical constraint. In this work we investigate the late accretion and erosion experienced by Vesta's crust after its differentiation and recorded in the composition of eucrites and diogenites and show that it offers an astrochemical window into the earliest evolution of the Solar System. In our proof-of-concept case study focusing on the late accretion and erosion of Vesta's crust during the growth and migration of Jupiter, the water enrichment of eucrites appears to be a sensitive function of Jupiter's migration while the enrichment in highly-siderophile elements of diogenites appears to be particularly sensitive to the size-frequency distribution of the planetesimals. The picture depicted by the enrichments created by late accretion in eucrites and diogenites is not qualitatively affected by the uncertainty on the primordial mass of Vesta. Crustal erosion, instead, is more significantly affected by said uncertainty and Vesta's crust survival appears to be mainly useful to study violent collisional scenarios where highly energetic impacts can strip significant amounts of vestan material while limitedly contributing to Vesta's late accretion. While our proof-of-concept case study is based on a simplified physical model and explores only a limited set of scenarios, our results suggest that the astrochemical record of the late accretion and erosion of Vesta's crust provided by eucrites and diogenites can be used as a tool to investigate any process or scenario associated to the evolution of primordial Vesta and of the early Solar System.
Introduction
One of the most challenging tasks in the study of the Solar System is that of disentangling the steps of its formation process that took place during the life of the circumsolar disc, specifically over the timespan extending from the condensation of the Calcium-Aluminum-rich Inclusions (CAIs) 4568.2 +0.2 −0.4 Ma ago, (Bouvier and Wadhwa, 2010) to the dissipation of the gas from the disc 4-5 Myr later (Scott 2006; Johnson et al. 2016; Wang et al. 2017; Kruijer et al. 2017 , but values up to 10 Myr are possible based on the comparison with circumstellar discs, see e.g. Fedele et al. 2010) . Among the most important events that occurred during this timespan are the formation of the planetesimals, the appearance of the giant planets, and their migration due to their interaction with the nebular gas (see Morbidelli and Raymond 2016 and references therein).
Our understanding of these three processes, however, has been put under scrutiny by new ideas and scenarios. In particular, various authors have argued that the giant planets formed at locations different from their current ones and underwent a period of extensive migration during the life of the circumsolar disk (see Morbidelli and Raymond 2016 and references therein) . Such an extensive early migration was shown to be associated with a period of dynamical excitation and orbital remixing of the planetary bodies in the circumsolar disc, with major implications for the evolution of the primordial asteroid belt (Walsh et al., 2011; O'Brien et al., 2014) .
However, compositional studies of the asteroid belt (DeMeo and Carry, 2014; Michtchenko et al., 2016 ) disagree on whether an extensive migration of the giant planets is consistent with the current radial distribution of the different kinds of asteroids. On the other hand, the very mass growth of the giant planets was shown to also be capable of triggering phases of dynamical excitation and radial mixing of the planetesimals even in absence of migration (see Fig. 1 and Turrini et al. 2011 Turrini et al. , 2012 Turrini 2014; Turrini & Svetsov 2014; Turrini et al. 2015; Raymond & Izidoro 2017) . This ambiguity in the early history of the giant planets severely hinders our understanding of the formation of the Solar System.
Most signatures left by these ancient events, like their cratering records, were removed or altered by the later evolution of the individual planetary bodies or of the Solar System as a whole, making it difficult to verify conclusively the different models and scenarios (see Morbidelli and Raymond 2016 and references therein). As our most reliable and temporally resolved source of information on the early life of the Solar System is offered by meteorites, our best chance to solve this conundrum lies in identifying those meteoritic properties that can be linked to the evolution of the nebular environment in which their parent bodies were embedded.
The aim of this work is to investigate how three specific compositional characteristics of the Howardite-Eucrite-Diogenite (HED) family of basaltic achondritic meteorites and of their parent body asteroid (4) Vesta can be jointly used to constrain in a quantitative way the early collisional history of the asteroid and, through that, the dynamical evolution of the circumsolar disc, as first suggested by Turrini (2014) and Turrini & Svetsov (2014) . The three compositional characteristics we will focus on are: the survival of Vesta's basaltic crust, the enrichment in water of eucrites, and the enrichment in highly-siderophile elements of diogenites.
In exploring the working of the astrochemical constraints provided by these three compositional characteristics, we will consider a proof-of-concept case study focusing on the collisional evolution of primordial Vesta across Jupiter's mass growth in different migration scenarios for the giant planet (the event also labelled as Jovian Early Bombardment or JEB, see Fig. 1 and Turrini et al. 2011 Turrini et al. , 2012 Turrini 2014; Turrini & Svetsov 2014; Turrini et al. 2015) . This case study has been selected as it allows us to reuse previous simulations and results to explore the sensitivity of these astrochemical constraints to a number of physical parameters (namely flux, physical characteristics, size distribution and impact velocity distribution of the impactors and the mass of the primordial Vesta).
The rest of this work is organized as follows. In Sect. 2 we will overview the current state of our understanding of asteroid (4) Vesta and of the HEDs. In Sect. 3 we discuss in more details the compositional characteristics of the HEDs and Vesta we aim to use to constrain the early evolution of the Solar System. In Sect. 4 we describe the theoretical tools and the simulations used to in our proof-of-concept case study. Readers interested in the working of the compositional constraints from Vesta and the HEDs can skip this section bearing in mind that, due to the exploratory nature of this work, some of the approximations adopted in the case study will be made for reasons of convenience (e.g. minimizing the need for additional simulations) and will not fit equally well all investigated scenarios.
The numerical results we will discuss in Sect. 5 should therefore be considered only as illustrative of the joint working of the three compositional constraints and the consistency of the investigated scenarios with these compositional constraints will need to be reassessed in more details in future works using more complete physical models. Finally, in Sect. 6 we discuss the general application of the compositional constraints from Vesta and the HEDs to other scenarios beyond the simplified ones considered in this work.
Vesta and the HEDs: witnesses of the beginning
Asteroid (4) Vesta was identified as the possible source of the Howardite-Eucrite-Diogenite (HED) family of basaltic achondritic meteorites more than 40 years ago (McCord et al., 1970; Consolmagno and Drake, 1977) . The NASA mission Dawn, which explored the asteroid between 2011 and 2012 (Russell et al., 2012 (Russell et al., , 2013 , recently provided a strong confirmation to the proposed Vesta-HED genetic link (De Sanctis et al., 2012; Prettyman et al., 2012) . Because of this genetic link, the achondritic nature of the HEDs implies that Vesta is a differentiated asteroid that experienced global melting (see e.g. Greenwood et al. 2014; Steenstra et al. 2016) .
Members of the HEDs family possess some of the oldest formation ages among the meteoritic samples currently available (see e.g. Scott 2007 and Day et al. 2016 and references therein). These ages date the completion of Vesta's differentiation to no later than 3 Myr after the condensation of CAIs (Bizzarro et al., 2005; Schiller et al., 2011) . Based on current estimates, this event occurred immediately before the formation of Jupiter and the other giant planets, which is dated between 3 and 5 Myr after CAIs (Scott, 2006; Johnson et al., 2016; Wang et al., 2017; Kruijer et al., 2017) . These data therefore imply that the JEB was most plausibly the first violent collisional event experienced by the partially molten crust of Vesta after the differentiation of the asteroid.
Meteoritic data from the HEDs provide us also indications on the duration of the volcanic resurfacing of Vesta and on the timescale of solidification of its crust after the differentiation process completed (see McSween et al. 2011 for a discussion). Specifically, the basaltic eucrites indicate that the outer basaltic crust of Vesta formed over several episodes of magmatism through a solid conductive lid (Roszjar et al., 2016 ) that spanned at least 10 Myr (McSween et al., 2011) and possibly up to 35 Myr (Roszjar et al., 2016) . Thermal and geophysical models suggest that the conductive lid was a few km thick (3-5 km, see e.g. Formisano et al. 2013; Tkalcec et al. 2013) .
In parallel, diogenites indicate that the underlying lower crust slowly solidified over tens of Myr (see McSween et al. 2011 and references therein) . Because of the timing of Jupiter's formation mentioned above (i.e. the first ∼2 Myr after Vesta's differentiation) and of the duration of the bombardment it triggered (∼1 Myr, Turrini et al. 2011 Turrini et al. , 2012 , across the JEB both the eucritic and the diogenitic layers were in a partially molten state (see e.g. Formisano et al. 2013; Tkalcec et al. 2013 for the results of thermal and geophysical models and McSween et al. 2011; Greenwood et al. 2014; Steenstra et al. 2016; Roszjar et al. 2016 for the meteoritic evidences).
The most recent compositional models of Vesta combining the information provided by the HEDs (in particular in terms of elemental abundances) and by the Dawn mission (in particular the survival of Vesta's basaltic crust and the size of Vesta's Figure 1 : Dynamical excitation and radial mixing of the planetesimals in the circumsolar disc in response to Jupiter's mass growth and migration in the simulations by Turrini et al. (2011) . The plots show snapshots of the Jovian Early Bombardment 0.2 Myr after the beginning of Jupiter's rapid gas accretion in the four migration scenarios considered by Turrini et al. (2011) . The open red circles are the positions of Jupiter at the beginning of the simulations, the bigger red filled ones are the positions of Jupiter once fully formed (see Sect. 4.1). The smaller black filled circles at 2.36 au mark the orbital position of Vesta. The rocky asteroidal planetesimals analogous to ordinary chondrites that formed between 2 and 3 au are indicated in red (see Sect. 4.3) . The rocky but water-enriched asteroidal planetesimals analogous to carbonaceous chondrites that formed between 3 and 4 au are indicated in dark cyan (see Sect. 4.3). The ice-rich cometary planetesimals that formed beyond 4 au are indicated in blue (see Sect. 4.3) . Planetesimals inside the region delimited by the two black dotted curves are those that can impact Vesta. metallic core, as discussed below) with astrochemical constraints have eucrites and diogenites as the main components of the upper and lower layers of Vesta's basaltic crust, whose total thickness should range between 20 and 40 km (Mandler and Elkins-Tanton, 2013; Toplis et al., 2013; Consolmagno et al., 2015) . The astrochemical constraints used in these models implicitly assume a chondritic or solar composition (in terms of relative abundances, not absolute ones) for the major rockforming elements, in particular the abundant lithophiles Si, Mg, Ca and Al (see Consolmagno et al. 2015 and in particular their Sects. 3.2 , 3.3 and 4 .3 for a more detailed discussion of this subject).
As all these elements are expected to condense at temperatures greater than 1500 K in the circumsolar disc (see e.g. Consolmagno et al. 2015) , this implicit assumption is expected to hold throughout all but the innermost and hottest region of the circumsolar disc, spanning a fraction of au. According to these compositional models, Vesta's Fe-rich core, which the Dawn mission estimated to possess a radius of 110-140 km (Russell et al., 2012; Ermakov et al., 2014) , is overlaid by a mantle composed of harzburgite containing 60-80% olivine (Mandler and Elkins-Tanton, 2013; Toplis et al., 2013; Consolmagno et al., 2015) .
Vesta's differentiated nature and the limited thickness of its crust inferred by the Vesta-HED link made the survival of this crust an important constraint for the study of the evolution of the asteroid belt and the Solar System (see Davis et al. 1985; Coradini et al. 2011; Sykes 2011 and references therein, Turrini et al. 2011; Brož et al. 2013; Turrini 2014; Turrini & Svetsov 2014; Consolmagno et al. 2015; Pirani and Turrini 2016) . However, some of the very results of the Dawn mission cast doubt on the reliability of the assumption of chondritic bulk composition for the major rock-forming elements of the present-day Vesta (Jutzi et al., 2013; Clenet et al., 2014; Con-solmagno et al., 2015; Turrini et al., 2016) .
Specifically, the Dawn mission revealed the existence of two giant, partly overlapping impact basins, named Rheasilvia and Veneneia, in the Southern hemisphere of Vesta (Schenk et al., 2012) and confirmed the survival of Vesta's crust at all spatial scales, including inside these two giant basins (De Sanctis et al., 2012; Ammannito et al., 2013; Ruesch et al., 2014) . Simulations of the formation of both impact basins suggested a total excavation depth of 40-80 km (Jutzi et al., 2013) and indipendent impact and geologic studies (Ivanov and Melosh, 2013; Ruesch et al., 2014) reported an excavation depth of about 30-45 km for the Rheasilvia basin alone, values at odds with the thickness of Vesta's crust reported by the most recent compositional models (Mandler and Elkins-Tanton, 2013; Toplis et al., 2013; Consolmagno et al., 2015) .
More precisely, it has been pointed out that the lack of olivine signatures inside the two partly overlapping impact basins Rheasilvia and Veneneia and on Rheasilvia's central peak (Jutzi et al., 2013; Clenet et al., 2014; Ruesch et al., 2014 ), Vesta's density profile and the mass balance of its interior structure estimated by Dawn (Consolmagno et al., 2015) , and the likely exogenous origin of the limited olivine-rich material on Vesta's surface in the Northern hemisphere are all inconsistent with the limited thickness of said crust associated with a chondritic bulk composition in terms of the major rockforming elements (Consolmagno et al., 2015) . This argues for a thicker crust of Vesta, which in turns argues for a non-chondritic bulk composition of the present-day asteroid in terms of its major rock-forming elements (Consolmagno et al., 2015) . Consolmagno et al. (2015) discussed this apparent mismatch between the information provided by the HEDs and that coming from Dawn and proposed a possible solution, postulating that the asteroid formed from chondritic material and, after differentiating but before solidifying completely, underwent some altering event that changed its bulk composition to its present one. One proposed event that could produce the required alteration would be a grazing collision of a larger primordial Vesta with a body of comparable size stripping a significant fraction of its mantle while preserving most of its crust (Consolmagno et al., 2015) .
Another possibility is that, following the catastrophic disruption of primordial Vesta, the mantle olivine would be more easily fragmented into smaller bits which could be preferentially swept away by gas drag, leaving larger basaltic fragments to reaccrete onto an intact metallic core . Other scenarios might be possible, including the existence of many HED parents whose material might have been reaccreted into the asteroid we today call Vesta (Consolmagno et al., 2015) . Nonetheless, three common traits to all scenarios discussed to date are that primordial Vesta should have been more massive than present-day Vesta, that the altering event is suggested to be linked to impacts, and that the altering event should have occurred while Vesta was still partially molten or possessed enough radiogenic heat to eliminate any macroporosity created during the alteration in order to fit the constraints posed by Dawn (Consolmagno et al., 2015) .
In principle, finding those evolution tracks for the early Solar System that, within this scenario for Vesta's evolution, can produce the required altering event or collision can offer a substitute for the classical constraint posed by the survival of Vesta's basaltic crust. However, as the primordial mass of Vesta is currently unconstrained and different evolution tracks can produce the required alteration (Consolmagno et al., 2015 , attempting to study the early evolution of the Solar System using one of these scenarios alone represents an ill-posed problem. What is required, therefore, is a new and general constraint that does not strongly depends on Vesta's primordial mass and that could be applied to all possible scenarios. 3. Eucrites and diogenites: astrochemical constraints on the late accretion and erosion of Vesta
From the time Vesta differentiated to the moment its crust solidified completely, the eucritic and diogenitic layers were altered by impacts (Turrini et al., , 2012 Day et al., 2012; Turrini, 2014; Turrini & Svetsov, 2014; Sarafian et al., 2014) . This alteration manifested in two ways. On one hand, impacts removed material from the vestan crust by ejecting part of the mass excavated during the crater formation process at speeds exceeding the ejection velocity of the asteroid. This mass loss process is also known as cratering erosion (Davis et al., 1979) . On the other hand, impacts delivered mass to the vestan crust in the form of the material from the impacting bodies that survives the collision. This mass accretion process is known as late accretion or, when specifically referring to the alteration of the crust of planetary bodies by impacts, late veneer (see e.g. Day et al. 2016) . From a geologic point of view, in this work we will specifically focus on the late veneer process.
As discussed in Sect. 2, from the meteoritic data supplied by the HEDs we know that Vesta's basaltic crust formed over several magmatic effusive events through a conductive solid lid (Roszjar et al., 2016) with an estimated thickness of a few km (Formisano et al., 2013; Tkalcec et al., 2013) . These effusive events could have been either volcanic (the "heat-pipe" mechanism, Moore et al. 2017) or impact-triggered (Turrini, 2014; Turrini & Svetsov, 2014) : the shock wave created by an impact, in fact, damages the surface material at greater depths than those excavated by the crater itself (Melosh, 1989) , therefore creating paths for the magma to reach the surface. During this global effusive resurfacing, the outer layer of Vesta's crust acting as the conductive lid would be in a dynamic equilibrium state, with newer material replacing and pushing downward the older one (Moore et al., 2017) together with any contaminant delivered by impacts.
As a consequence, the late veneer of the basaltic eucritic layer could span an interval of at least 10 Myr (see McSween et al. 2011 and references therein, Roszjar et al. 2016) . During this temporal interval, material delivered to Vesta's surface would contaminate the basaltic eucrites either by direct injection into the melt or by later incorporation into the magma (Turrini & Svetsov, 2014) . The late veneer of the diogenitic layers should in principle last longer (at least a few tens of Myr, see McSween et al. 2011 and references therein), but in order to reach the diogenitic melt the material delivered by later impacts would need to either penetrate thicker layers of solid crust or be pushed at depth by the reprocessing and sinking of the conductive lid.
After the complete solidification of Vesta's crust, impacts would contaminate only the howarditic layer formed by the brecciation of solid eucritic and diogenitic materials (see e.g. Turrini et al. 2014 Turrini et al. , 2016 for an in-depth discussion of this process on Vesta). Consequently, the composition of eucrites and diogenites records the early collisional evolution of Vesta when the crust of the differentiated asteroid was still partially molten. Since the collisional history of a planetary body is strongly coupled to the evolution of the surrounding environment, the composition of eucrites and diogenites provides constraints on the evolution of the circumsolar disc and the early Solar System. As we will show in the following, these constraints do not depend on the specific value of the unknown primordial mass of Vesta (see Sect. 2 and Consolmagno et al. 2015) but only on the assumption that the primordial Vesta was characterized by a chondritic bulk composition of the major rock-forming elements.
Eucrites, diogenites and mass loss
For a primordial Vesta with chondritic bulk composition in terms of the major rock-forming elements, the composition of eucrites and diogenites and, in particular, their abundance in rare earth elements allows one to constraint the fractional thickness of the original vestan crust (see Consolmagno et al. 2015 and references therein). Specifically, based on astrochemical abundances (see e.g. Lodders 2010 and references therein) the basaltic crust represented 15 − 21% of the primordial mass of the asteroid (see Consolmagno et al. 2015 and references therein) . This result is independent on the primordial mass of Vesta and depends only on the asteroid possessing chondritic bulk composition in terms of its major rock-forming elements at the time of its differentiation (Consolmagno et al., 2015) .
Even if Dawn confirmed the survival of Vesta's crust at all spatial scales (De Sanctis et al., 2012; Ammannito et al., 2013; Ruesch et al., 2014) , the historical constraint posed by such survival is weak due to our ignorance of the absolute value of the initial thickness of Vesta's crust (in place of the relative one supplied by astrochemical constraints), of the original mass of the primordial Vesta and, should it have been larger than that of present Vesta, of the amount of crustal material that could have been removed by the altering event together with the excess mantle material (Consolmagno et al., 2015) .
Until these unknown factors are more precisely quantified, it is difficult to pinpoint the amount of crustal material that can be removed by cratering erosion without producing an asteroid inconsistent with the present-day Vesta (Turrini, 2014) . As such, in our proof-of-concept case study we will limit ourselves to discuss how the estimated mass losses caused by cratering erosion compare to this upper bound of 15 − 21% of the primordial mass of Vesta.
Eucrites and water accretion
The first piece of the puzzle provided by Vesta's late veneer is supplied by basaltic eucrites. While Vesta is globally a volatile-depleted body (see Consolmagno et al. 2015 and references therein) , the discovery of small apatite crystals in some basaltic eucritic meteorites (Sarafian et al., 2013) indicates that small quantities of water were present while the eucritic layer was solidifying. While measurements of the D/H ratio in apatites were interpreted as suggestive of a carbonaceous chondritic origin of Vesta's water (Sarafian et al., 2014; Barrett et al., 2016) , the results of Hartogh et al. (2011) on the D/H ratio of comet 103P/Hartley 2 indicate that comets could also be a compatible source (Turrini & Svetsov, 2014) . However, an incompatibility with a cometary origin, if confirmed, would allow to reject all scenarios invoking a major role for comets in delivering water to Vesta.
While the uncertainty associated to such estimates is large, recent work (Stephant et al., 2016a,b; Sarafian et al., 2017a,b) attempts to constrain quantitatively the amount of water initially present in the eucritic melt. Sarafian et al. (2017a,b) report an upper bound to the water content of the eucritic parent melts ranging between 260-1000 µg/g, i.e. 0.026-0.1 wt%. Independently, Stephant et al. (2016a,b) suggest that water should have represented less than 0.2 wt.% of the eucritic parent melts. For a primordial Vesta characterized by a chondritic bulk composition, eucrites should represent about 2/3 of the vestan crust and the latter should represent no more than 15-21% of the vestan mass (see Consolmagno et al. 2015 and references therein) . The values estimated by Sarafian et al. (2017a,b) and Stephant et al. (2016a,b) therefore translate in an upper bound to the water accreted by primordial Vesta of 1-3×10 −4 the mass of the asteroid, which we will adopt as our constraint on the maximum amount of water that could be delivered by Vesta's late veneer.
Diogenites and mass accretion
The second piece of the puzzle provided by Vesta's late veneer is supplied by diogenites. Specifically, some diogenites show an over-abundance in highly-siderophile elements (HSEs) with respect to what would be expected following their preferential migration to the vestan core during differentiation (Day et al., 2012; Dale et al., 2012) . While this over-abundance in principle could be explained in different ways (e.g. as the result of variations in the local concentration in the vestan magma, see Day et al. 2016 and references therein), the fact that overabundances in HSEs are often paired with chondritic elemental ratios of this elements suggests that they result from a late accretion or late veneer of chondritic material (see Day et al. 2016 and references therein). A similar pattern was shown to hold also for the most HSE-enriched eucrites, while eucrites containing low abundances of HSEs presented markedly nonchondritic elemental ratios for these elements (see Day et al. 2016 and references therein, Dhaliwal et al. 2016) .
Assuming a chondritic bulk composition for Vesta at the time of this late veneer or accretion, Day et al. (2012) associated the measured enrichment to a total accreted chondritic mass of about 1−2% the primordial mass of the asteroid. Because of the uncertainties in this kind of computations and on the amount of chondritic material delivered to the mantle instead of the crust (late accretion vs. late veneer), and because the temporal interval considered in this work (the duration of the bulk of the bombardment triggered by Jupiter's mass growth is ∼1 Myr, see Turrini et al. 2011 Turrini et al. , 2012 is much shorter than the timespan over which diogenites can be altered (at least 10 Myr or more, see above and McSween et al. 2011), we will adopt the range of values estimated by Day et al. (2012) as an upper bound to the total accreted chondritic mass delivered to Vesta by the late veneer, which should therefore not exceed 1-2% the mass of the asteroid, keeping in mind that because of said uncertainties the real upper limit could be much lower.
Modelling Jupiter's formation and Vesta's collisional evolution
In this section we provide a synthetic description of the previous results and of the methods and approximations we used in our proof-of-concept case study to model the collisional evolution of Vesta during the formation and migration of Jupiter, its effects on the eucritic and diogenitic crust and their dependence on different factors. As mentioned in Sect. 1, due to the exploratory nature of this work for reasons of convenience we build on the simulations, methods and results of previous studies. As a result, readers should keep in mind that not all the approximations made will adapt equally well to the different cases explored and the numerical results should be considered only as illustrative.
For more details on the methods and the dynamical simulations used for the computation of the impact probabilities and velocities we refer the readers to Turrini et al. (2011) , for a more detailed discussion of the collisional model we refer the readers to Turrini (2014) and Turrini & Svetsov (2014) , while for more details on the numerical model used in the impact simulations we refer the readers to Turrini & Svetsov (2014) and Turrini et al. (2016) . Readers interested in a more detailed discussion of the dynamical characterization of the asteroidal impactors on Vesta across the formation and migration of Jupiter are referred to Turrini et al. (2011) and Turrini (2014) , while those interested in the dynamical characterization of the cometary impactors are referred to Turrini et al. (2011) and Turrini & Svetsov (2014) .
Modelling Jupiter's mass growth and migration
In this study we used the n-body simulations performed by Turrini et al. (2011) and the associated estimates of the impact probabilities on Vesta as the base for our assessment of the erosional and accretional history of primordial Vesta across Jupiter's formation and migration. Those simulations considered a template of the early Solar System composed of the Sun, the forming Jupiter, Vesta and a disk of planetesimals modelled as massless particles, whose dynamical evolution was followed for 2 × 10 6 years. From a physical point of view, the starting time of this temporal window should be located between 2 and 4 Myr after the condensation of CAIs to allow for Jupiter to complete its formation between 3 and 5 Myr after CAIs.
During the first τ c = 10 6 years of this simulated timespan, Jupiter's core would grow from its initial mass M 0 = 0.1 M ⊕ to the critical mass M c = 15 M ⊕ as:
where τ c can be interpreted as the oligarchic growth timescale of Jupiter's core (see e.g. D'Angelo, Durisen & Lissauer 2011 and references therein). When Jupiter's core reached the critical mass value M c , the nebular gas surrounding Jupiter was assumed to rapidly accrete on the planet, whose mass would grow as:
where M J = 317.83 M ⊕ is the final and present mass of Jupiter. The e-folding time τ g = 5 × 10 3 years adopted by Turrini et al. (2011) was derived from the hydrodynamical simulations described in Lissauer et al. (2009) and Coradini, Magni, & Turrini (2010) .
In their simulations, Turrini et al. (2011) considered four different migration scenarios: 0 AU (no migration), 0.25 au, 0.5 au and 1 au (see Fig. 1 ). In their simulations Jupiter always started on circular and planar orbits and, in those scenarios where migration was included, started migrating inward as soon its core reached the critical mass of 15 M ⊕ . This approximation is equivalent to neglecting the distinction between Type I and Type II migration and starting the migration of the accreting planet as soon the characteristic migration timescale of the forming Jupiter became of the order of 10 6 years (see D'Angelo, Durisen & Lissauer 2011 and references therein).
Given that the effects on the asteroid belt of the dynamical excitation of the planetesimals triggered by the mass growth of the forming Jupiter are negligible before the gas accretion phase (see Turrini et al. 2011 and Izidoro 2017) , from a physical point of view this approximation can be treated as assuming that Jupiter's core started forming farther away and migrated to its initial position due to Type I migration before the beginning of the simulations. Moreover, because of the negligible effects of the forming Jupiter on Vesta before the gas accretion phase, to first order the adopted approximated treatment of Jupiter's mass growth is not in contrast with the shorter timescales and outer formation regions predicted by the so called "pebble accretion" scenario (Bitsch et al., 2015) .
After the giant planet begins to migrate, Jupiter's orbital radius would evolve as:
where R 0 is Jupiter's orbital radius at the beginning of the simulation, R J is the final orbital radius and τ r = 5 × 10 3 years. The simulations performed by Turrini et al. (2011) using a slower migration (τ r = 2.5 × 10 4 years) indicate that the flux of impactors on Vesta is not significantly affected by the migration rate.
Modelling the primordial Vesta
In the simulations of Turrini et al. (2011) , Vesta was initially placed on a circular, planar orbit with semimajor axis a v = 2.362 AU. The asteroid was characterized using the best pre-Dawn estimates of its mass (m v = 2.70 × 10 23 g, Michalak 2000) and mean radius (r v = 258 km, Thomas et al. 1997) , whose values differ by 2 − 4% from the ones later estimated by the Dawn mission (2.59 × 10 23 g and 262.7 km respectively, Russell et al. 2012) .
While these values were reasonable before the arrival of Dawn, the results of Consolmagno et al. (2015) suggest that primordial Vesta could have been more massive (see Sect. 1). Because of this uncertainty on primordial Vesta's mass and because a precise assessment of the latter is beyond the scope of this work, we maintained the template of primordial Vesta used by Turrini et al. (2011) and took advantage of the link between impact probabilities and diameter of the asteroid to rescale the impact fluxes to a more massive primordial Vesta's and explore how the three compositional constraints offered by Vesta and the HEDs responded to this change.
We therefore initially considered a primordial Vesta characterized by a diameter similar to its current mean one. This allows us to take advantage of the fluxes of impactors on the asteroid estimated by Turrini et al. (2011) (see Sect. 4.4) . Similarly, in simulating the outcomes of impacts at different impact velocities on Vesta, we characterized the target body with the current diameter and surface gravity of Vesta (see Sect. 4.4) . This choice allows us to take advantage of the simulations of rocky impactors on Vesta performed by Turrini et al. (2016) and to simulate only the effects of more realistic cometary impactors than those originally considered by Turrini & Svetsov (2014) (see Sect. 4.4) .
The probabilistic method used by Turrini et al. (2011) to estimate impact fluxes on Vesta links impact probabilities to Vesta's diameter. As long as Vesta's mass is not so large that the gravity of the asteroid significantly enhances its effective cross-section (see Turrini et al. 2011 and references therein), impact fluxes will scale with the diameter of the asteroid. For the impact velocities estimated by Turrini et al. (2011) , this condition is satisfied for a primordial Vesta no more massive than a few times the present asteroid. Similarly, both the mass erosion (Holsapple and Housen, 2007) and the mass accretion (Svetsov, 2011) efficiencies scale with the surface gravity of the target asteroid, which for a given average density will scale with its diameter.
This approach allowed us to estimate, to first order, the mass loss and mass accretion experienced by primordial Vesta for different values of its original mass without the need of performing a large number of additional simulations. More details on the parameters describing Vesta in our collisional simulations are provided in Sect. 4.4, while a discussion of the effects of a larger mass of the primordial Vesta on our results is presented in Sect. 5 and 6.
Modelling the planetesimal disk
The planetesimal disk was modelled by Turrini et al. (2011) as a disk of massless particles evolving under the gravitational influence of the Sun, Jupiter and Vesta. The disk of massless particles was composed by 8 × 10 4 particles and extended from 2 au to 10 au. The massless particles initially possessed eccentricity and inclination (in radians) values comprised between 0 and 3 × 10 −2 and were used as dynamical tracers of the evolution of the planetesimal disk, each particle representing a swarm of real planetesimals.
The number of real planetesimals populating each swarm and their characteristic diameter depend on the adopted sizefrequency distribution (SFD) for the planetesimal disk. In this work we considered a total of four SFDs: two for primordial planetesimals and two for collisionally evolved planetesimals. Each pair of SFDs (primordial and collisionally evolved) refers to a specific nebular environment, namely quiescent or turbulent circumsolar disc.
The massless particles where associated to their diameters by means of Monte Carlo methods. Since this procedure was performed while processing the output of the simulations, the latter did not include the effects of gas drag as they are sizedependent. The choice of neglecting the effects of gas drag allowed us to explore the effects of different SFDs on Vesta's crustal late accretion and erosion without the need to perform a large number of computationally expensive n-body simulations.
While computationally convenient, however, this choice is not dynamically accurate, particularly for km-sized planetesimals, as gas drag acts to damp orbital eccentricities and inclinations, diminishing the population of dynamically excited planetesimals. At the same time, the radial drift caused by gas drag brings more planetesimals into the orbital resonances with Jupiter, which appear to play the leading role in producing the population of impactors on Vesta (see Turrini et al. 2011 and Sect. 5) . The results of analogous simulations performed by Weidenschilling, Davis & Marzari (2001) , Grazier et al. (2014) and Raymond & Izidoro (2017) indicate that neglecting the effects of gas drag should not alter the results of this study in a qualitative way by cancelling the JEB.
Differently from the previous studies of Turrini (2014) and Turrini & Svetsov (2014) , all four considered SFDs where associated to a circumsolar disc possessing a dust-to-gas ratio ξ i = 0.005 inside the water ice condensation line and ξ i = 0.01 outside(see below for details on the density profiles of the individual discs). The water ice condensation line was assumed at 4 au. The mass of solids comprised between 2 and 3 au amounted to about 2 M ⊕ for all four SFDs, consistent with the planetesimals having formed within a Minimum Mass Solar Nebula (see also Morbidelli et al. 2009 and Weidenschilling 2011) .
All planetesimals inside 4 au were assumed to be rocky asteroids with an average density of 2.4 g/cm 3 (chosen as a compromise between the densities of volatile-poor and volatile-rich asteroids, see Britt et al. 2002; Carry 2012; Turrini et al. 2014 and references therein) while those beyond were assumed to be icerich cometary bodies, constituted at 50% of their mass by water ice and at 50% by rock, with an average density of 1 g/cm 3 . Planetesimals formed between 3 and 4 au were assumed to possess 10% of their mass as water in the form of hydrated minerals, similarly to carbonaceous chondrites (Jarosewich, 1990; Robert, 2003) .
The transition at 3 au, while somewhat arbitrary, is consistent with the current distribution of low albedo volatile-rich asteroids being the result of their inward radial diffusion over the life of the Solar System (Michtchenko et al., 2016) . Moreover, the flux of impactors on Vesta originating from beyond 3 au is due to the 2:1 resonance with Jupiter (located at 3.3 au or outward depending on the Jovian migration, see Fig. 1 and Turrini et al. 2011), so our analysis is not particularly sensitive to the actual heliocentric distance of this transition.
The four SFDs we considered in our case study are described in more detail in the following. A comparison of the average diameters of the planetesimals as a function of their orbital distance from the Sun for the two primordial SFDs is shown in Fig. 2 , while in Fig. 3 we show the comparison between the two collisionally evolved SFDs in the reference orbital region comprised between 1 and 4 au considered by Weidenschilling (2011) and Morbidelli et al. (2009) (see Sects. 4.3.3 and 4.3.4 for the discussion of their extension to the orbital region between 4 and 10 au).
4.3.1. Primordial planetesimals formed in a quiescent circumsolar disc The first SFD considered was that of a disk of primordial planetesimals formed by gravitational instability of the dust in the mid-plane of a quiescent circumsolar disc (Safronov, 1969; Goldreich and Ward, 1973; Weidenschilling, 1980; Coradini et al., 1981) . Following Coradini et al. (1981) , the circumsolar disc was assumed to have a density profile σ = σ 0 r 1 AU −n s , with σ 0 = 2700 g cm −2 being the gas surface density at 1 AU and n s = 1.5. For this SFD, which we derived from the results of Coradini et al. (1981) , the diameters of the planetesimals that could impact Vesta roughly range between 1 and 40 km, with the bulk of the impactors being constituted by planetesimals with diameters of 10-20 km (Turrini, 2014; Turrini & Svetsov, 2014) . For more details on the SFD and the associated Monte Carlo method we refer interested readers to Turrini (2014) and Turrini & Svetsov (2014) .
4.3.2. Primordial planetesimals formed in a turbulent circumsolar disc The second SFD considered was that of primordial planetesimals formed by concentration of dust particles in low vorticity regions in a turbulent circumstellar disc (Cuzzi et al., 2008 (Cuzzi et al., , 2010 . Following Chambers (2010) , the circumstellar disc was assumed to possess a density profile σ = σ 0 r 1 AU −n s , with σ 0 = 3500 g cm −2 being the gas surface density at 1 AU and n s = 1 (see Fig. 14 , gray dot-dashed line, Chambers 2010). For this SFD, which we derived from the results of Chambers (2010) , the diameters of the planetesimals that could impact Vesta roughly range between 20 and 250 km, with the bulk of the impactors being constituted by planetesimals with diameters of 100-200 km (Turrini, 2014; Turrini & Svetsov, 2014) . For more details on the SFD and the associated Monte Carlo method we refer interested readers to Turrini (2014) and Turrini & Svetsov (2014) .
4.3.3. Collisionally-evolved planetesimals formed in a quiescent circumstellar disc The third SFD we considered was associated to collisionallyevolved planetesimals formed in a quiescent circumstellar disc and was derived from the results of Weidenschilling (2011) . In this study we focused on the SFD of the asteroid belt that Weidenschilling (2011) referred to as the "standard case", i.e. the one produced from a disk initially populated by planetesimals with a diameter of 100 m (see Fig. 8, Weidenschilling 2011) .
The resulting population of planetesimals is dominated in number by collisional fragments with km-or sub-km-sized diameters and in mass by a few large planetesimals and planetary embryos. In our estimates of the collisional evolution of Vesta we adopted as our lower-end cut-off of the SFD the diameter of 1 km, a choice motivated by the fact that the slope of the SFD causes sub-km planetesimals to cumulatively supply only a fraction of the mass contained in km-sized planetesimals (Weidenschilling, 2011) .
Because of this cut-off, the bulk of the planetesimals impacting Vesta is in the form of planetesimals with diameters of 1-2 km (Turrini, 2014; Turrini & Svetsov, 2014) . Lowering our cut-off to 100 m would increase the mass flux on Vesta only by about 10% with respect to that provided by km-sized asteroids.
Strictly speaking, the results of Weidenschilling (2011) apply only to the inner Solar System (i.e. 1 − 4 au), so in prin- on Vesta in the no migration scenario (the solid lines) and the 1 au migration scenario (the dashed lines) for Jupiter. The highlighted area indicates the temporal interval over which we computed the late accretion and erosion of Vesta's crust, i.e. the Jovian Early Bombardment. Asteroidal impacts before this time were characterized by low velocities (< 1 km/s) and were not considered to account for the clearing effects of Vesta's formation on the orbital region surrounding the asteroid. As can be immediately seen, the Jovian migration enhances the flux of high-velocity (> 1 km/s) asteroidal impactors on Vesta while at the same time decreasing and making more erratic the flux of cometary impactors (see also Fig. 1 ).
ciple they cannot be applied to the outer part of the planetesimal disk (i.e. 4 − 10 au) considered by Turrini et al. (2011) . However, the results of Weidenschilling (2008 Weidenschilling ( , 2011 suggest that the collisionally-evolved SFD of the planetesimals in our regions of interest does not strongly depend on the radial distance.
We followed the approach used in Turrini & Svetsov (2014) and adopted a similar SFD for the planetesimals beyond 4 au, scaling it in mass by the ratio between the solid mass comprised between 4 and 10 au and that comprised between 1 and 4 au. For more details on the SFD and the associated Monte Carlo method we refer interested readers to Turrini (2014) and Turrini & Svetsov (2014) .
4.3.4. Collisionally-evolved planetesimals formed in a turbulent circumstellar disc The fourth and final SFDs we considered was associated to the case of collisionally-evolved planetesimals formed in turbulent circumstellar disc and was derived from the results of Morbidelli et al. (2009) . Morbidelli et al. (2009) found that the best match with the present-day SFD of the asteroid belt is obtained for planetesimal sizes initially spanning 100 − 1000 km (see Fig. 8 , Morbidelli et al. 2009 ), a range consistent with their formation in a turbulent nebula.
The SFD associated to the best-fit case of Morbidelli et al. (2009) shares most of the characteristics of the analogous one derived by Weidenschilling (2011) , but shows a larger abundance of planetesimals with diameter comprised between 5 and 20 km (see Fig. 8a , black solid line, Morbidelli et al. 2009 ) than the SFD by Weidenschilling (2011) , which is significantly flatter in this size range.
While the SFD physically extends down to sub-km sizes, we focused our attention on the effects of this overabundance and maintained the lower-end cut-off of the SFD at 5 km in diameter also adopted in Morbidelli et al. (2009) . Because of this, the bulk of the planetesimals impacting Vesta is in the form of planetesimals with diameters of 5-10 km (Turrini, 2014; Turrini & Svetsov, 2014) .
As in the case of the SFD by Weidenschilling (2011) discussed in Sect. 4.3.3, we extended the SFD of Morbidelli et al. (2009) beyond 4 au by scaling the number of planetesimals by a factor equal to the mass ratio of the solid material contained between 4 and 10 au to that of the one contained between 1 and 4 au. For more details on the SFD and the associated Monte Carlo method we refer interested readers to Turrini (2014) and Turrini & Svetsov (2014) . Turrini et al. (2011) estimated the impact probabilities and the associated impact velocities between the massless particles and Vesta using a statistical approach based on solving the ray-torus intersection problem between the instantaneous orbital torus of Vesta and the linearized path of the massless particle 1 across the time step when the particle crosses Vesta's orbital region (see Turrini et al. 2011 for more details on the method). This method is conceptually similar to the analytical method ofÖpik (1976) but requires only to average over the mean anomaly of the target body's orbit instead of averaging on anomaly, longitude of nodes and argument of pericenter of both target and impacting bodies. In evaluating the collisional history of Vesta we focused on the massless particles impacting Vesta from the moment Jupiter's core started accreting its gaseous envelope (i.e. the second 1 Myr in the simulations by Turrini et al. 2011 , see the highlighted area in Fig. 4 ). This conservative choice is motivated by the need to correct for the fact that the early flux of impactors on Vesta in the simulations is dominated by the impacts of those rocky planetesimals orbiting nearby the asteroid that should have been removed during Vesta's formation. Fig. 5 shows an example of the distributions of impact probabilities and impact velocities for both asteroidal and cometary impactors recorded in the simulations by Turrini et al. (2011) in the scenarios of no migration and 1 au migration of Jupiter. Note that the impact probabilities reported in Fig. 5 refer to the individual impact events recorded in the simulations and are not impact probabilities averaged over the whole populations of impactors as in classical collisional algorithms (see e.g. O'Brien and Sykes 2011 and references therein). Figs. 6 and 7 show respectively the distributions normalized over the impact probabilities of the asteroidal and cometary impact velocities in the four migration scenarios considered in this study (see also Turrini et al. 2011 , Turrini 2014 and Turrini & Svetsov 2014 for a more detailed discussion of the distribution of the impact velocities and their causes. Interested readers are referred to Turrini et al. (2011) and Turrini et al. (2012) for details on the algorithm.
Modelling Vesta's collisional history
The impact probabilities provided by the simulations were converted into fluxes of impactors using the SFDs described in Sect. 4.3. Following the procedure described in Turrini (2014) and Turrini & Svetsov (2014) , for each SFD we run a set of 10 4 Monte Carlo simulations. In each run a new mass value was extracted for each impact event recorded in Turrini et al. (2011) and, since each massless particle causing an impact event represents a swarm of real planetesimals, we used the SFD and the impact probability of the impact event to estimate the associated flux of impactors. Combining the information provided by the mass and flux of impactors associated to the impact event with its estimated impact velocity, the eroded mass m e and the accreted mass m a were computed (see Sect. 4.5 for details on the method).
We averaged over each set of 10 4 Monte Carlo simulations to estimate the total mass loss and accretion experienced by Vesta for each specific SFD and the associated standard deviations. If, after averaging, the total flux of impactors associated to one of the SFDs amounted to less than one real impact, we set the total mass loss and accretion values to zero for that SFD.
Modelling the effects of impacts on Vesta
To estimate the effects of impacts in terms of both mass loss and mass accretion, we took advantage of the results of Benz and Asphaug (1999) (see Sect. 4.5.1 for details) and (see Sect. 4.5.2 for details). In parallel, we performed 3D numerical simulations of impacts of projectiles onto Vesta using a modified version (Svetsov, 2011; Turrini & Svetsov, 2014; Svetsov and Shuvalov, 2015) of the numerical hydrodynamic method SOVA (Shuvalov 1999 ; SOVA is an acronym for Solid-Vapour-Air, as the code is designed for simulations of multi-material, multi-phase flows) that includes the effects of dry friction (Dienes and Walsh, 1970) .
Dry friction depends on a dimensionless coefficient of friction for which we adopted a value of 0.7, typical for rocks and sand (Turrini & Svetsov, 2014; Turrini et al., 2016) . The behaviour and properties of target and projectiles were determined, as in Turrini & Svetsov (2014) and Turrini et al. (2016) , through the ANEOS equations of state (Thompson and Lauson, 1972) using input data (i.e., about 35 variables describing properties of a given material) from Pierazzo et al. (1997) and Tillotson's equation of state for Vesta's iron core (Tillotson, 1962) .
In the simulations performed with SOVA, Vesta was modelled as a three-layered sphere with radius of 260 km, possessing an iron core with a radius of 110 km (Russell et al., 2012 (Russell et al., , 2013 Ermakov et al., 2014 ) and a crust made of granite with a thickness of 23 km (Consolmagno et al., 2015) , separated by a mantle composed of dunite. The mass of Vesta was set equal to its present value, 2.59 × 10 23 g (Russell et al., 2012) . While Vesta was in a partially molten state at the time of the Jovian Early Bombardment, the approximation we adopted is justified by the following reasons.
First, thermal and geophysical models and meteoritic data all suggest that Vesta's basaltic crust was formed over a series of magmatic effusive events through a solid conductive lid. Second, previous studies indicates that Vesta's mass loss due to cratering erosion was mainly a surface process (Turrini, 2014; Turrini & Svetsov, 2014) , hence mainly affecting this solid conductive lid. Third, mass loss occurs mainly from the central regions of the crater where the material strength is generally unimportant (Holsapple and Housen, 2007) , since the stresses during the impacts exceed the strength of the excavated material acquiring velocities greater than the escape velocity of the asteroid. This approximation, however, is more realistic for impactors not exceeding in size the thickness of Vesta's conductive lid (i.e. a few km) than for larger impactors.
As in Turrini et al. (2016) , the numerical grid consisted of 250 × 100 × 225 cells over azimuth, polar angle and radial distance respectively, and we assumed bilateral symmetry to model only the half-space in the zenith direction. Cell sizes were 1/40 of the projectile's diameter around the impact point and increased to the antipodal point and to the radial boundaries located at distances of about 10 vestan radii. In all impact simulations, the impact velocity vector lied in the reference plane that passed through the origin of the coordinates and was orthogonal to the zenith.
All simulated impacts were assumed to occur at the average impact angle of 45
• (Melosh, 1989) , while impact velocities varied between 1 and 12 km/s based on the results of the simulations performed by Turrini et al. (2011) (see Figs. 6 and 7 and Turrini 2014; Turrini & Svetsov 2014 for more details on the distribution of the impact velocities in the different migration scenarios).
We performed simulations of cometary impactors composed by a homogeneous mixture of rocks and ices (see Svetsov and Shuvalov 2015, Fig. 5) . Among the materials supplied by the ANEOS equations of state (Thompson and Lauson, 1972) , we adopted water as our template for the icy component and granite as our template for the rocky one. The simulations described in Turrini et al. (2016) provided us with analogous results for asteroidal rocky impactors.
Among the different kinds of rocky impactors (granite impactors, dunite impactors and differentiated impactors) simulated by Turrini et al. (2016) we adopted their results for granite impactors as our template for asteroidal impactors. The comparison between the results of impact experiments (Holsapple, 1993; Holsapple and Housen, 2007; Daly and Schultz, 2016) and those of SOVA's simulations reveals that they agree within a factor of two (Svetsov, 2011; Turrini et al., 2016) . 4.5.1. Mass loss associated to the impact events Following Turrini (2014) The quantity Q * D was computed using Eq. 6 from Benz and Asphaug (1999) with the associated coefficients for basaltic targets (see Table 3 , Benz and Asphaug 1999) . Following Turrini (2014) and Turrini & Svetsov (2014) , we used the coefficients of the case v i = 5 km s −1 for impacts with velocity greater or equal than 5 km s −1 , and those of the case v i = 3 km s −1 for all the other impacts.
We computed the mass loss associated to low-energy impacts using the results of the impact simulations with SOVA performed in the framework of this study and those performed by (2016) for asteroidal impactors made of granite (red solid line with filled squares), the simulations performed in this work for mixed granite-water ice cometary impactors (light blue dashed lines with filled diamonds), and, for comparisons, the results of the simulations of Turrini & Svetsov (2014) for cometary impactors made of pure water ice (blue solid line with filled circles). Turrini et al. (2016) . The results of the simulations are shown in Fig. 8 , where the mass loss as a function of the impact velocity is expressed in units of the mass of the impacting body. For comparison, in Fig. 8 we also plotted the results of the simulations by Turrini & Svetsov (2014) for cometary impactors composed of pure water ice.
For high-energy impacts we used instead Eq. 8 from Benz and Asphaug (1999) expressed in terms of the eroded mass:
where s = 0.5 for v i < 5 km s −1 and s = 0.35 for v i ≥ 5 km s −1 . To avoid overestimating the contribution of high-energy impacts to Vesta's crustal erosion, the effects of those high-energy impact events that, after renormalizing to the appropriate SFD, were associated to less than one real impact were not considered in estimating Vesta's crustal erosion.
The effects of catastrophic impacts were not accounted for in the estimates of the eroded mass: their cumulative number was used only to assess the probability of Vesta surviving its primordial collisional evolution without being shattered (see also Turrini 2014; Turrini & Svetsov 2014 for a discussion).
Mass gain associated to the impact events
To assess the mass accretion experienced by primordial Vesta we again took advantage of the results of the impact simulations with SOVA performed in the framework of this study and those performed by Turrini et al. (2016) . The results of the simulations are shown in Fig. 9 , where the accreted mass as a function of the impact velocity is expressed in units of the mass of the impacting body. For comparison, in Fig. 9 we also plotted the results of the simulations by Turrini & Svetsov (2014) for cometary impactors composed of pure water ice. The results of the simulations in Turrini et al. (2016) indicated that the composition and the diameter of rocky impactors do not change the results of the simulations as much as the impact velocity (i.e. the effects of the former parameters are limited to about 5 − 10%, see Turrini et al. 2016 for a discussion). Both low-energy and high-energy ones contributed mass to Vesta according to the results shown in Fig. 9 , while catastrophic impact did not contribute mass to Vesta. For consistency with the procedure adopted in estimating the mass loss caused by high-energy impacts, the contribution of those high-energy impact events that, after renormalizing to the appropriate SFD, were associated to less than one real impact was not considered in estimating Vesta's late accretion.
Results
In the following we present the late accretion and erosion experienced by Vesta's crust across Jupiter's formation and migration, as depicted by our results taken at face value. For each of the four SFDs we considered we will show the average mass loss, mass accretion and water accretion produced by Vesta's early collisional evolution. We will first discuss the separate contributions of asteroidal and cometary impactors, which are defined as those planetesimals originating within and beyond 4 au respectively, and then their cumulative effects on Vesta. When considering the cumulative collisional history of the asteroid, we will discuss how it affects both a primordial Vesta similar in mass to the present one ("intact and pristine Vesta" scenario) and a Vesta two to three times larger ("altered Vesta" scenario).
For each of the average quantities we computed, we will also show the associated standard deviations as a measure of the variability of our results. The two main factors affecting the magnitude of the standard deviations are the total flux of impactors and the variability of the number of the largest impactors (see e.g. Turrini et al. 2014 Turrini et al. , 2016 . As such, the largest standard deviations will be associated to the populations of cometary impactors (more affected by the effects of smallnumber statistics due to their lower fluxes) and to the population of collisionally-evolved impactors formed in turbulent discs (due to the effects of small-number statistics on the flux of large impactors).
Mass loss and crustal erosion
The first step of our analysis focused on the mass loss suffered by primordial Vesta in the classical "intact and pristine Vesta" scenario, where the asteroid always possessed a mass similar to its present one. The mass loss caused by asteroidal and cometary impactors individually is shown in Fig. 10 and is dominated by the effects of low-energy impacts (see also Turrini 2014; Turrini & Svetsov 2014) . Catastrophic impacts have a limited probability to occur (generally less than 0.1% and never above 1%).
High-energy impacts are comparatively more probable in the case of the SFDs associated with a turbulent circumsolar disc. Also in those cases, however, the chances of high-energy impacts occurring never exceed 20−30%. The only notable exception is the case of primordial planetesimals formed in a turbulent circumsolar disc (Chambers, 2010) when Jupiter migrates by 1 au, where Vesta could experience two high-energy impacts (responsible for about 60% of the total mass loss associated to this SFD in this migration scenario).
The mass loss experienced by Vesta due to asteroidal impactors (Fig. 10, left panel) is limited in the cases of no migration or 0.25 au of migration of Jupiter but experiences a rapid growth once Jupiter's migration reaches and exceeds 0.5 au. The initial limited mass loss, of the order of ∼ 1%, is mainly due to impactors excited by the 3:1 resonance with Jupiter. When Jupiter's migration reaches 0.5 au a second family of higher-velocity impactors excited by the 2:1 resonance with Jupiter appears (see Fig. 1 and Turrini et al. 2011 ). This second family causes the mass loss experienced by Vesta to grow by about an order of magnitude.
The mass loss associated to cometary impactors shows an opposite trend, being significant only when Jupiter does not experience migration and dropping by more than one order of magnitude in those scenarios where the giant planet migrates (see Fig. 10, right panel) . This is due to the fact that the migration of the giant planet favours the trapping of more and more planetesimals in the sweeping resonances at the outer boundaries of the asteroid belt, reducing Jupiter's efficiency in scattering cometary planetesimals in the orbital region of Vesta (see Fig.  1 and Turrini et al. 2011) .
The total mass loss experienced by Vesta in the different scenarios is shown in Fig. 11 . As can be immediately seen, the order of magnitude of the mass loss experienced by Vesta is mainly a function of Jovian migration. The actual SFD of the impacting planetesimals appears to affect the result, within a given migration scenario, to roughly a factor of three. Fig. 11 Figure 10: Mass loss experienced by a primordial Vesta with mass similar to that of the present Vesta due to (left) asteroidal impactors and (right) cometary impactors during Jupiter's mass growth in the different migration scenarios and for the different SFDs considered. For each SFD we report the characteristic diameter of the planetesimals producing the bulk of the impact flux as computed with our Monte Carlo methods. The horizontal regions highlighted in red mark the range of values of Vesta's crustal mass fraction and represent our upper boundary to Vesta's mass loss (see Sect. 3 and Consolmagno et al. 2015) . Note that, given that the temporal interval considered in this proof-of-concept study is smaller than the timespan over which Vesta's crust can be eroded, only those scenarios producing mass losses below the red regions should be considered compatible with present-day Vesta.
reveals that the most favourable cases in terms of experienced mass loss and preservation of the vestan crust are that of a Jovian displacement of 0.25 au and that of no migration of the giant planet.
The cases of a Jovian migration of 0.5 and 1 au appear less favourables and, for a primordial Vesta characterized by a mass similar to its present one, they appear inconsistent with the survival of Vesta's crust (especially once the excavation caused by the two vestan South polar impact basins is taken into account). The case of a Jovian migration of 1 au, in particular, is associated to a mass loss of the same order as the expected mass of the vestan crust.
We then moved to investigate how the picture depicted by these results would change in the "altered Vesta" scenario, where primordial Vesta is hypothesized to have been more massive than its present counterpart (Consolmagno et al., 2015) . For a primordial Vesta twice as massive as present Vesta, the radius of the asteroid would be larger by about 25% than the present one and the escape velocity would increase by about 100 m/s, i.e about 30%. The increase in the escape velocity would lower the average efficiency of impacts in causing mass loss by about 30% (see Eq. 3 in Svetsov 2011). As the flux of impactors on Vesta is directly proportional to the radius of the asteroid, the increase in the radius would translate into a similar increase in the flux of impactors (see Turrini et al. 2011 for details). The new flux almost compensates for the decrease in the erosion efficiency of the impacts, so that the overall erosion decreases by about 10%.
Because of this, the values plotted in Figs. 10 and 11 would scale down by slightly more than the mass ratio between the primordial Vesta and the present one. For a primordial Vesta twice as massive as the present one, these values would decrease by a factor of two. The only scenario incompatible with the constraint on Vesta's mass loss would become that of a Jovian migration of 1 au (either due to the mass loss per se or to its combination with the later excavation caused by the South polar basins).
A larger primordial mass of Vesta would proportionally decrease the mass lost by the asteroid due to collisions. For a primordial Vesta three times as massive as the present one (see Fig. 11 ), the only cases that would be rejected by the constraint on the crustal survival would be those where Jupiter migrated by 1 au and the flux of impactors on Vesta was dominated by planetesimals with diameters larger than 10 km, as in the SFDs by Coradini et al. (1981) and Chambers (2010) .
Mass accretion and water delivery
As discussed in Sects. 3 and 4, the impacts on Vesta would also cause the asteroid to experience a phase of late accretion. The second step of our analysis was to quantify how much water would be delivered to Vesta by the two potential sources we considered, volatile-rich asteroids and ice-rich comets (see Sects. 3 and 4) , and compare the estimated amounts with the upper bound set by the presence of apatites in basaltic eucrites. Again, we started with the classical "intact and pristine Vesta" scenario, where the asteroid always possessed a mass similar to its present one.
The individual contributions of asteroids and comets are shown in Fig. 12 . Asteroidal impactors (Fig. 12 , left panel) deliver water to Vesta only when the Jovian migration reaches or exceeds 0.5 au, as the dynamical excitation of the population of planetesimals affected by the sweeping 2:1 resonance with Jupiter allows them to reach the orbital region of Vesta and deliver water to the asteroid (see Fig. 1 and Turrini et al. 2011) .
The case of cometary impactors (Fig. 12 , right panel) is opposite to that of the asteroidal ones, as they deliver significant amounts of water to Vesta only when Jupiter does not migrate. If the giant planet migrates, the amount of water accreted Figure 11 : Total mass loss experienced by (left) a primordial Vesta with the same mass as present Vesta and (right) a primordial Vesta three times as massive during Jupiter's mass growth in the different migration scenarios and for the different SFDs considered. For each SFD we report the characteristic diameter of the planetesimals producing the bulk of the impact flux as computed with our Monte Carlo methods. The horizontal regions highlighted in red mark the range of values of Vesta's crustal mass fraction and represent our upper boundary to Vesta's mass loss (see Sect. 3 and Consolmagno et al. 2015) . Note that, given that the temporal interval considered in this proof-of-concept study is smaller than the timespan over which Vesta's crust can be eroded, only those scenarios producing mass losses below the red regions should be considered compatible with present-day Vesta.
by Vesta drops by more than one order of magnitude, showing however a slowly increasing trend with increasing displacements of Jupiter. The SFD associated to primordial planetesimals formed in a turbulent circumstellar disc (see Sect. 4.3.2) does not appear in the right panel of Fig. 12 as its total flux amounts to less than one impact event.
The cumulative water enrichments produced by asteroidal and cometary impactors in the different migration scenarios for Jupiter are shown in Fig. 13 , where they are compared with the range of values for Vesta's water mass fraction derived from the estimates of Stephant et al. (2016a,b) and Sarafian et al. (2017a,b) . The cases where Jupiter migrated by 0.5 au or more appear inconsistent with the observational data, as the volatilerich asteroidal impactors would produce a water enrichment from a few times to an order of magnitude larger.
The case of no migration of Jupiter also shows inconsistencies with the observational data, but in this case the inconsistencies appear to be also SFD-dependent. Collisionally evolved SFDs produce water enrichments greater than the ranges of values derived from the estimates of Stephant et al. (2016a,b) and Sarafian et al. (2017a,b) while primordial SFDs are associated to lower ones. In the case of primordial planetesimals formed in quiescent discs the produced water enrichment is just below the range of values derived from eucrites, while in the extreme case of primordial planetesimals formed in a turbulent circumsolar disc no water enrichment is produced (beyond Vesta's initial water budget, if different from zero).
As in the case of mass loss,we tested how these results would change in the "altered Vesta" scenario, where primordial Vesta is hypothesized to have been more massive than its present counterpart (Consolmagno et al., 2015) . If we consider again a primordial Vesta twice as massive as present Vesta, the increase in the escape velocity should increase the average efficiency of impacts in delivering water by about 5% (see Eq. 8 in Svetsov 2011) . At the same time, the increase in the radius would translate in a proportional increase in the flux of impactors.
Therefore, a larger primordial Vesta would accrete material more efficiently from a larger number of bodies, partially counteracting the drop in the water enrichment caused by the increase in the crustal mass over which to distribute the accreted water. As a result, the values shown in Figs. 12 and 13 would decrease only by about 33% for a primordial Vesta twice as massive as the present one. For a primordial Vesta three times as massive as the present one, the decrease would amount to about 50%.
As one can see from Fig. 13 , such a decrease does not qualitatively change the outcome of our earlier analysis. Jovian displacements of 0.5 au or larger would still be inconsistent with the constraint posed by the water enrichment of eucrites. Likewise, a lack of migration by Jupiter would be inconsistent with said constraint for collisionally evolved SFDs of the impactors dominated in number by planetesimals smaller than about 10 km (as in the SFDs by Weidenschilling 2011 and Morbidelli et al. 2009 ).
Mass accretion and HSEs enrichment
The final step of our analysis was to compare the effects of the global accretion of chondritic material experienced by Vesta with the HSEs enrichment of diogenites, starting also in this case with the classical "intact and pristine Vesta" scenario, where the asteroid always possessed a mass similar to its present one. In computing such accretion we considered, alongside with the contribution of asteroidal impactors, that of the non-ice component of the cometary impactors (see Sect. 4.3) . The individual contributions of asteroidal and cometary impactors are shown in Fig. 14. The accretion of chondritic material associated to asteroidal impactors (Fig. 14, left panel) increases proportionally to (see Sect. 3 and Stephant et al. 2016a,b; Sarafian et al. 2017a,b) . Note that, given that the temporal interval considered in this proof-of-concept study is smaller than the timespan over which Vesta's crust can be enriched in water, only those scenarios producing water enrichments below the red regions should be considered compatible with present-day Vesta.
Jupiter's displacement due to the growing flux of impactors experienced by Vesta . The accretion associated to cometary impactors (Fig. 14, right panel) follows the same pattern seen when discussing the accretion of water (see Fig. 12 , right panel) and proves marginal with respect to that of asteroidal impactors.
The overall late accretion experienced by Vesta is shown in Fig. 15 and immediately reveals two striking features. The first one is that planetesimals formed in a turbulent circumsolar disc, independently on them being primordial or collisionally evolved, appear to be not consistent with the constraint posed by the HSEs enrichment of diogenites. The second one is that in general the mass accretion experienced by a primordial Vesta with mass similar to that of the present Vesta appears to be at most marginally consistent with said constraint.
In the cases of limited (0.25 au) and no migration, planetesimals formed in quiescent discs produce a mass accretions of about 1% of the vestan mass while those formed in turbulent discs produce a mass accretions of about 2%. In the cases of moderate (0.5 au) and large (1 au) migration, the resulting mass accretion is of about 2% of the vestan mass or larger for all kinds of impactors. As we discussed in Sect. 3, while Day et al. (2012) estimated the accreted mass to fall between 1% and 2% of the mass of Vesta, we treated this range of values as an upper limit in this study to account for the uncertainties on the interpretation of the diogenitic data and for the fact that the process we are considering lasted only a fraction of the total time over which diogenites can be enriched in HSEs by impacts (see Sect. 3).
For a primordial Vesta with a mass similar to the present one of the asteroid, therefore, the cases that best fit the HSEs data among those considered here are those of no or limited (0.25 au) migration of Jupiter in a quiescent circumsolar disc. Even these cases, however, produce an enrichment reaching the lower end of the range identified by Day et al. (2012) . We therefore tested the behaviour of the accretion of chondritic mass in the "altered Vesta" scenario considering a primordial Vesta twice or three times larger than the present one.
Applying the same scaling discussed for water accretion to the values shown in Fig. 15 , we can see that a primordial Vesta two to three times more massive than the present Vesta (see Fig.  15 ) would make planetesimals formed in turbulent discs (like in the SFDs by Chambers 2010 and Morbidelli et al. 2009 ) more consistent with the HSEs constraint in the scenarios of limited (0.25 au) or no migration of Jupiter. At the same time, it would make the case of collisionally evolved planetesimals formed in quiescent discs (like the SFD by Weidenschilling 2011) more consistent with the HSEs constraint also for a moderate displacement (0.5 au) of Jupiter.
Discussion and conclusions
The goal we set for ourselves in this work was to investigate whether the erosional and accretional history of the primordial Vesta as recorded by the HEDs can be used to probe into the early collisional history of asteroid Vesta and, through that, into the early evolution of the Solar System. Before discussing the results we obtained, however, we emphasize once again that they should be considered only as illustrative (or just as a more refined back-of-the-envelope calculation) since some of the approximations adopted in our proof-of-concept case study were motivated only by reasons of convenience and neglected important processes, like gas drag, that should be included in future more physically complete investigations. Because of this, in the following we will limit ourselves to discussing the general trends we observed in our results.
Notwithstanding its limitations, the proof-of-concept case study we investigated appears to indicate that the three com- Figure 13 : Total water accretion experienced by (left) a primordial Vesta with the same mass as the present Vesta and (right) a primordial Vesta three times as massive during Jupiter's mass growth in the different migration scenarios and for the different SFDs considered. For each SFD we report the characteristic diameter of the planetesimals producing the bulk of the impact flux as computed with our Monte Carlo methods. The horizontal regions highlighted in red mark the range of values of Vesta's water enrichment and represent our upper boundary to Vesta's water accretion (see Sect. 3 and Stephant et al. 2016a,b; Sarafian et al. 2017a,b) . Note that, given that the temporal interval considered in this proof-of-concept study is smaller than the timespan over which Vesta's crust can be enriched in water, only those scenarios producing water enrichments below the red regions should be considered compatible with present-day Vesta.
positional characteristics of Vesta and the HEDs we considered in this work (namely, the survival of Vesta's basaltic crust, the enrichment in water of eucrites and the enrichment in HSEs of diogenites) offer complementary pieces of information that, once considered together, provide stronger constraints than when considered individually. Moreover, the constraints they provide only rely on the assumption of a chondritic bulk composition of Vesta in terms of its major rock-forming elements and, as the comparison between the "intact and pristine Vesta" scenario and the "altered Vesta" scenario highlights, they appear to be limitedly influenced by the proposed uncertainty on Vesta's primordial mass.
In our proof-of-concept case study the crustal survival to cratering erosion allows to reject only the case of a Jovian migration of 1 au. The constraint offered by the survival of Vesta's basaltic crust to cratering erosion would therefore appear to be the least powerful among those we investigated, as the information it provides is already contained within that provided by the two constraints associated to late accretion. The accretion history of the primordial Vesta appears instead to provide stronger constraints: both water accretion and mass accretion agree in rejecting the cases of Jovian migration of 0.5 and 1 au, with water accretion also indicating that the case of no migration of the giant planet is inconsistent with the HEDs data, particularly if the D/H ratio of the planetesimal population represented by our cometary impactors was inconsistent with that reported for Vesta's source of water (Sarafian et al., 2014) .
Among the three constraints, water accretion appears more sensitive to the effects of Jupiter's migration, effectively pinpointing it to about 0.25 au among the simplified cases considered. Mass accretion appears more capable of discriminating between the effects of different size distributions of the impacting planetesimals, favouring the collisionally-evolved SFDs in contrast to primordial ones and the SFDs associated to quiescent nebular environments in contrast to those associated to turbulent nebular environments. Notwithstanding its apparent weakness, the survival of Vesta's basaltic crust remains an important constraint when studying more violent collisional scenarios than those here considered.
Specifically, the collisional evolution of the primordial Vesta in those scenarios dominated by high-velocity or even highenergy impacts (e.g. the so-called "Grand Tack", Walsh et al. 2011; O'Brien et al. 2014) will be determined by mass loss without mass accretion playing a significant role. This leading role of mass loss will be particularly true for scenarios invoking a major role of "hit-and-run" collisions, like those suggested to be responsible for the "altered Vesta" scenario (Consolmagno et al., 2015) , in the collisional evolution of the inner Solar System, as in those cases the contribution of said impacts to mass accretion will be null or negligible.
It should be noted, moreover, that in case of stochastic large impacts it is possible for a scenario to be characterized by a moderate or even limited global crustal erosion but a large local excavation. This is indeed the case of the last 4 Gyr of collisional evolution of Vesta, where the total crustal erosion was limited to about 30 m but the impacts that produced Veneneia and Rheasilvia locally excavated tens of km. As proposed in Turrini et al. (2011) and further discussed in Turrini (2014) and Turrini & Svetsov (2014) , impacts of this kind occurring on primordial Vesta could cause effusive events where the magma originates from the mantle and could in principle produce compositional signatures in Vesta's crust incompatible with Dawn's measurements. Given the degree of collisional remixing of Vesta's crust suggested by Dawn's observations (De Sanctis et al., 2012; Prettyman et al., 2012) , these scenarios should be investigated on a case-by-case basis if they can successfully pass the test on the global crustal survival. It is interesting to note, however, that those scenarios that could produce the excava- Figure 14 : Mass accretion responsible for the HSEs enrichment experienced by a primordial Vesta with mass similar to that of the present Vesta due to (left) asteroidal impactors and (right) cometary impactors during Jupiter's mass growth in the different migration scenarios and for the different SFDs considered. For each SFD we report the characteristic diameter of the planetesimals producing the bulk of the impact flux as computed with our Monte Carlo methods. The horizontal regions highlighted in red mark the range of values of Vesta's mass accretion needed to produce the observed HSEs enrichment and represent our upper boundary to Vesta's mass accretion (see Sect. 3 and Day et al. 2012) . Note that, given that the temporal interval considered in this proof-of-concept study is smaller than the timespan over which Vesta's crust can be enriched in HSEs, only those scenarios producing mass accretions below the red regions should be considered compatible with present-day Vesta.
tion or effusion of mantle material in Turrini (2014) and Turrini & Svetsov (2014) are among those rejected by the three constraints.
The scenarios we considered in our proof-of-concept case study represent only a limited subset of all proposed evolutionary tracks for the early Solar System. As an example, it has been proposed that Vesta could have formed on an inner orbit located between the orbit of Mars and the inner edge of asteroid belt (Bottke et al., 2006) instead of in the inner asteroid belt. It is also possible for the giant planets to have undergone a more extensive migration than that considered in this work (Walsh et al., 2011; Bitsch et al., 2015) . This extensive migration, in turn, could have kept them in the outer Solar System (Bitsch et al., 2015) or could have brought them to cross the inner Solar System (Walsh et al., 2011) . All these different possibilities will be associated to different fluxes of impactors on Vesta and will need to be tested case by case against the three astrochemical constraints we identified.
Also the scenarios we considered for primordial Vesta do not exhaust all the different possibilities. As an example, it has been proposed that a slower formation of Vesta could cause the heat released by the short-lived radioactive elements not to be enough to melt the conductive lid of the asteroid, which would preserve its original undifferentiated composition (Formisano et al., 2013) . This undifferentiated crust would be reprocessed over time by the effusive processes responsible for the creation of Vesta's basaltic crust, as discussed in Sect. 3, and could therefore represent a source of HSEs and possibly water for the vestan magma, whose effects on the enrichment of eucrites and diogenites need to be verified against the astrochemical constraints on Vesta's late accretion.
Finally, the temporal interval covered by our proof-ofconcept case study spans only a fraction of the temporal windows (see Sect. 3) over which Vesta's crust can be compositionally altered or eroded by impacts: later events, therefore, are also expected to leave their marks on Vesta and the HEDs. In particular, in the scenarios we investigated it is expected that, after Jupiter's formation, the interplay between the gravitational perturbations of the giant planet and those of the planetary embryos embedded into the primordial asteroid belt will start a phase of dynamical excitation and clearing of the belt itself (Wetherill, 1992; Petit, Morbidelli & Chambers, 2001 ; O'Brien, Morbidelli & Bottke, 2007) , changing its orbital structure to its present one (albeit with a larger population of asteroids). Planetesimals impacting Vesta during this phase of dynamical excitation and clearing will also contribute to the mass accretion and mass loss histories of the asteroid and their effects will cumulate with those of the Jovian Early Bombardment.
Applying the three astrochemical constraints we investigated to a more deterministic study of the history of the early Solar System is beyond the scope of our proof-of-concept case study and is left to future works based on a more complete physical model and spanning longer temporal intervals. In particular, future works will need to include the effects of gas drag, which will change both the flux of impactors on Vesta and the distribution of the impact velocities, and of the population of planetary embryos embedded into the planetesimal disk, which is expected to both dynamically excite the planetesimals and start a process of depletion of the asteroid belt once Jupiter has completed its formation (the latter process becoming more efficient in case of an eccentric orbit of the forming Jupiter), in assessing the collisional evolution of primordial Vesta.
In conclusion, the main result of this work is the identification of the constraints offered by eucrites and diogenites and the showcasing of their joint use as a window into the ancient past of the Solar System. Our take home message can be summa- Figure 15 : Total mass accretion responsible for the HSEs enrichment experienced by (left) a primordial Vesta with the same mass as present Vesta and (right) a primordial Vesta three times as massive during Jupiter's mass growth in the different migration scenarios and for the different SFDs considered. For each SFD we report the characteristic diameter of the planetesimals producing the bulk of the impact flux as computed with our Monte Carlo methods. The horizontal regions highlighted in red mark the range of values of Vesta's mass accretion needed to produce the observed HSEs enrichment and represent our upper boundary to Vesta's mass accretion (see Sect. 3 and Day et al. 2012) . Note that, given that the temporal interval considered in this proof-of-concept study is smaller than the timespan over which Vesta's crust can be enriched in HSEs, only those scenarios producing mass accretions below the red regions should be considered compatible with present-day Vesta.
rized by the following "Lather, Rinse, Repeat" recipe for future studies. Pick the scenario for Vesta that you consider most realistic, put it into the scenario for the evolution of the early Solar System that you want to investigate, and include all the necessary physical ingredients. Let it evolve and check if Vesta's resulting accretional and erosional histories are consistent with the global constraints offered by eucrites and diogenites. Start over as many time as needed.
